Boron doped MnO films were prepared by spray pyrolysis technique at 375
Introduction
The polycrystalline semiconductors have attracted much interest in an expanding variety of applications in various electronic and optoelectronic devices. The technological interest in polycrystalline-based devices is mainly caused by their very low production costs. Considerable attention has been paid to doped semiconductors as they offer multifunctional properties beyond those of ideal semiconductors [1] . In general, the characteristics of the films and related applications have been dominated by several factors, such as grain boundary, grain size, crystallinity, resistivity and optical and magnetic permeability, which are interrelated with utilized deposition and treatment methods and their variables [2] [3] [4] . In particular, materials known as diluted magnetic semiconductors (DMSs) which have an interesting combination of magnetism and semiconductivity, have attracted widespread scientific attention due to their prospective applications in magneto-optical and spintronic devices. In DMSs, the band electrons and holes strongly interact with the localized magnetic moments and cause a variety of interesting phenomena [2, 3] .
MnO and boron doped MnO films can be prepared by different techniques such as radiofrequency sputtering [5] , solvothermal synthesis [6] , hydrothermal method [7] , molecular beam epitaxy [8] , thermal vacuum evaporation [9] , successive ionic layer adsorption and reaction (SILAR) [10] , chemical bath deposition (CBD) [11] , and spray pyrolysis [12, 13] . Manganese oxide (MnO) is a transitional material having interesting physical and chemical properties. It has optoelectronic applications * corresponding author; e-mail: mustafa.oztas@yalova.edu.tr and is often used in electrode materials [14, 15] , electrochemical capacitors [16, 17] , rechargeable batteries, sensors [18] , magnetoelectronic devices [19] .
According to our knowledge, no report exists in the literature on the synthesis of boron doped MnO films by spray pyrolysis technique. Therefore, we have turned our attention to the study of the feasibility of spray pyrolysis technique for the synthesis of MnO:B films. In this study, the sprayed MnO:B films were developed in science park and investigations of the influence of boric acid concentration on the structural and optical properties of sprayed MnO:B films are reported.
Experimental details
Spray pyrolysis is basically a chemical process, which consists of a solution that is sprayed into a substrate held at high temperature, where the solution reacts forming the desired thin film. In this technique, the MnO:B films were deposited on heated microscope glass (Objekttrager, 1 cm×1 cm) substrates by spraying an aqueous solution in air atmosphere. The spray solutions are comprised of manganese chloride (0.5 M, Merck, ≥ 99%) and boric acid (H 3 BO 3 ) as dopant source in the deionized water. The substrate temperature 375
• C was used and the temperature was controlled within ±5
• C through a chromel-alumel thermocouple as a sensor for the temperature controller. Before deposition, the glass substrates were ultrasonically cleaned in acetone solution, and then rinsed in deionized water. The distance between nozzle and substrate was about 35 cm. The prepared solution is sprayed (5 ml/min) onto the clean glass substrates with a deposition time ranged between 0.5 and 2.5 h. Boron doping was achieved by adding different molarities (0.1, 0.2, 0.3, and 0.4 M, respectively) of H 3 BO 3 into the starting solution, which included manganese chloride (MnCl 2 ) at 1 M concentration in 100 ml deionized water.
In this procedure, compressed air was used to atomize the solution containing the precursor compounds through a spray nozzle over the heated substrate; air is compressed from the atmosphere. The precursor is pyrolyzed on the heated substrate. The solution was pumped into the air stream in the spray nozzle by means of a syringe pump. The formation of boron doped MnO resulted from the chemical reaction
The analyses of these films are investigated in science park. The structural characterization of deposited films was made by X-ray diffraction (XRD) technique on Bruker AXS D5005 diffractometer (monochromatic Cu K α radiation, λ = 1.54056 Å). Perkin Elmer Lambda 25 UV-VIS-NIR was used to determine the optical absorbance of the films as a function of wavelength at room temperature. The optical band-gap energy E g was determined by extrapolating the high absorption region of the curve to the photon energy axis [20] . Figure 1 shows the X-ray diffraction patterns of Bdoped MnO films with different boron concentrations deposited at substrate temperature 375
Results and discussion

Structural studies
• C. The diffraction pattern exhibits peaks at 2θ = 28.4098
• , 2θ = 47.2858
• and 2θ = 56.0638
• which were identified to be (111), (220) and (311) planes. This indicates that the MnO:B films prepared by spray pyrolysis method are polycrystalline with the cubic structure and show a good c-axis orientation perpendicular to the substrate. It indicates that most of the grains in MnO:B films have a strong orientation along (111) and (220) planes as shown in Fig. 1 . While the intensity of (111) and (220) peaks increases with increase of boron concentration up to 0.1 M, then the intensity of (111) and (220) peaks decreases with increase of boron concentration from 0.2 M to 0.4 M. This behaviour can be understood by two computing processes; the increase of boron doping improves the stoichiometry of the films and increase of the crystal quality. This indicates that boron ions are substituted at manganese ions sites up to 0.1 M boric acid concentration after that B-B intragrain cluster is evaluated.
XRD pattern of highly doped (0.2 M and 0.4 M) MnO:B is shown in Fig. 1 and the inset shows the B-B cluster intragrain. It is observed that the XRD intensity depends strongly on the boron concentrations. The maximum of the XRD intensity is illustrated by the pronounced peak at a boric acid concentration of 0.1 M. Thus, increasing the dopant level results in a change in preferred growth in (111) and (220) direction.
The spray deposition of boric acid concentration of 0.1 M boron-doped MnO deposited at a substrate temperature of 375
• C is found to be optimal for the deposition of good quality B-MnO films at the specified spray conditions. It is shown that there is a critical doping value in the starting solution for which the characteristics of the MnO:B films has a minimal value, corresponding to the maximal crystal grain size value measured for these films. Consequently, the characteristics of B-MnO films prepared by the spray pyrolysis process depend strongly on the boron incorporation at the films, as similar behavior has been observed by Pawar et al. [21] .
It is also shown in Fig. 1 that the initial increase in the XRD peaks can be explained by the creation of new nucleating centers due to the B dopant atoms. The subsequent decrease in the XRD peaks for the high doping level could be explained by two factors: firstly, by the saturation of the newer nucleating centers and secondly, due to the change in the energy absorption at the time of collision, and of the physical and chemical interaction between adatoms and the film. For boron doped films, the grain size initially increases with an increase in dopant contents (up to 1.0 M). Then, it is observed that the addition of boric acid contents increases the full width at half maximum (FWHM) due to the destruction of the crystal structure and reduction in the grain size. It may be possible that this drastic change in grain size is due to the large difference in ionic radius of manganese and boron. Thus, there is a decrease in the crystal grain size with the increase in the boric acid concentrations, which may be due to the sufficient increase in the supply of thermal energy for re-crystallization. Smaller crystallite size results in a higher density of grain boundaries, which behaves as barriers for carrier transport and traps for free carrier. Hence, a decrease of crystallite size can cause an increase of grain boundary scattering. This trend suggests that boron dopant creates newer nucleation centers, which in turn, would change the nucleation type from homogeneous to heterogeneous, and deteriorate the crystalline structure at high doping level.
The lattice constant a for the cubic phase structure is determined by the relation
where θ is the diffraction spectra Bragg angle, λ is the wavelength of the X-ray [22] . Lattice parameters for the undoped and boron doped MnO films are calculated using the relevant formula and systematically represented in Table I . The variation of the lattice constant with molar ratio of the boron doping on the MnO films are shown in Table I . The lattice constant a first decreases, reaches a minimum value around undoped MnO film and then appears to slowly increase with increase of the boron doped around the 5.3 and 5.4 Å as shown in Table I . The slow change in lattice constant for the spray deposited boron doped MnO film over the bulk clearly suggests that the film grains are strained which may be due to the nature and concentration of the native imperfections changing. The variation of the molar ratio of the boron in the MnO is associated with the changes in grain size and boundary. It is observed that the XRD patterns of the undoped and boron doped MnO films show a most preferred orientation along (111), (220) and (311) planes. The grain size of all films were estimated for the planes by using the Scherrer formula [23] :
where d is the grain size, λ is the X-ray wavelength used, D is the angular line width of the half maximum intensity and θ is the Bragg angle. Table I shows the various grain parameters of the undoped and boron doped MnO films which are associated to the (111), (220) and (311) peaks. From these results, the boron concentration increases to 0.1 M concentration, the intensity of MnO peaks increases, and this peak becomes narrower indicating an improvement of the crystallinity. This means that the grain size of the films increases with increasing up to 0.1 M concentration of the boric acid. Then the boron concentration increases from 0.2 M to 0.4 M concentration of the boric acid, the intensity of MnO peaks decreases, and this peak becomes larger due to the destruction of the crystal structure and reduction of the grain size. The XRD intensity depends strongly on the permitted boron concentration. Maximal XRD intensity is illustrated by the pronounced peak with dopant contents (0.1 M concentration of boric acid). It is shown that the decrease in the grain size is correlated with the broadening of the XRD peak.
Smaller crystallite size results in a higher density of grain boundaries, which behaves as barriers for carrier transport and traps for free carriers. Hence, a decrease in the crystallite size can cause an increase in the grain boundary scattering [24] . This observation correlates with the results of XRD patterns. Consequently, the characteristics of the undoped and boron doped MnO films prepared by the spray pyrolysis process depend strongly on the boron incorporation at the films. It is also shown that the initial increase in the XRD peaks can be explained by the creation of new nucleating centers due to the B dopant atoms. In addition, it is observed also that the grain size initially increases with an increase in dopant contents (up to 0.1 M). Thus, it is observed that the grain size initially increases with an increase in dopant contents (up to 0.1 M). Then, the grain size of these films decreases for higher doping level. It is concluded that the crystallinity of the films increases with increase in grain size, which indicates a lower number of lattice imperfections. This may be due to a decrease in the occurrence of grain boundaries because of an increase on the grain size of the film with increase of boron concentration up to 0.1 M concentration of boric acid. These parameters indicate the formation of high quality B-MnO films deposited on the well cleaned glass substrate by spraying pyrolysis method with dopant contents (up to 0.1 M).
Misfit stresses occur in crystalline films due to the geometric mismatch at interphase boundaries between crystalline lattices of films and substrate. Therefore, a stress is also developed in the film due to the lattice misfit [25] . However, the stress has two components: thermal stress arising from the difference of expansion coefficient of the film and substrate and internal stress due to the accumulating effect of the crystallographic flaws that are built into the film during deposition. The average stresses of the deposited films are found to be compressional in nature. The compressive stress is due to the grain boundary effect, which is predominant in polycrystalline film [26] . Compressive stress is also likely to be due to the native defects arising from the lattice misfit. Native imperfections probably migrate parallel to the film substrate with their surface mobility modified by the substrate temperatures. The origin of the strain is also related to the lattice misfit which in turn depends upon the deposition conditions.
The microstrain (ε) developed in the sprayed MnO:B films were calculated from equation [27] :
where D is the full width at half maximum of the (100), (002) and (101) peaks and given in Table I . Table I shows the variation of the microstrain (ε) with boron concentration in MnO:B films. It is observed from Table I that the microstrain (ε) decreases with increase of the boric acid concentration up to 0.1 M. This type of change in microstrain may be due to the predominant recrystallization process in the polycrystalline films and due to the movement of interstitial Mn atoms from inside the crystallites to its grain boundary which dissipate and lead to a reduction in the concentration of lattice imperfections [28] . Also it is observed that the microstrain decreases with increase of the grain size of the films. This can be attributed to the improvement in crystallinity due to the regular arrangements of atoms in the crystal lattice and which can be correlated with the XRD results.
Moreover one can also notice that the microstrain decreases with the increase of boric acid concentration up to 0.1 M and then increases with the increase of boric acid concentration. It is clear from Table I that there occurs a decrease in internal microstrain within the film and an increase in the crystallite size.
Dislocations are an imperfection in a crystal associated with the misregistry of the lattice in one part of the crystal with respect to another part. Unlike vacancies and interstitial atoms, dislocations are not equilibrium imperfections, i.e. thermodynamic considerations are insufficient to account for their existence in the observed densities. In fact, the growth mechanism involving dislocation is a matter of importance. In this study, the dislocation density is determined from Williamson's and Smallman's method using the following relation for cubic MnO and boron doped MnO films [27] and the variation of the dislocation density with boron concentration is shown in Table I :
The dislocation density (ρ) is defined as the length of dislocation lines per unit of the crystal, and small ρ means that the crystallization of the films is good. As seen from Table I , ρ decreases with the increase of boron concentration up to 0.1 M and then increases with the increase of boron concentration. It is clear from Table I that there occurs a decrease of a number of lattice imperfections within the film and an increase in the crystallite size. This may be due to a decrease in the occurrence of grain boundaries because of an increase in the grain size of the film with increase in boric acid concentration up to 0.1 M. These parameters indicate the formation of high quality boron doped MnO films deposited on the well cleaned glass substrate by the spray pyrolysis method with dopant contents (up to 0.1 M). This can be attributed to the improvement in crystallinity due to the regular arrangements of atoms in the crystal lattice. Therefore, it could be also related to an improvement of the crystallinity leading to a decrease of donor sites trapped at the dislocations and grain boundaries. Also it is observed that the grain size decreases due to the increase of the dislocation density and the microstrain at the higher doping level. Since the dislocation density and the microstrain are the manifestation of dislocation network in the films, the increase in the microstrain and the dislocation density indicates the formation of lower quality films at upper boron doping level [29] . From the above results, it is concluded that boron doping plays an important role in the crystal orientations of MnO films and effectively modifies the microstructure of the MnO films.
Optical studies
Undoped and boron doped MnO films are direct transition semiconductors and their absorption coefficient (α) and optical band gap energy (E g ) are interrelated [30] . The band gap energy of the films was calculated from the (αhν) 2 versus hν (photon energy) which is plotted in Fig. 2 . The plots are parabolic in nature and the number of inflexions reveals the number of transitions. The absorption coefficient as a function of photon energy was calculated and plotted for allowed direct transitions (neglecting exciton effects) by using the expression [30] :
where hν is the photon energy, E g denotes the optical energy bandgap, and A -the characteristic parameter (independent of photon energy) for respective transitions. in the optical band gap of the films with an increase in dopant contents (up to 0.1 M) can be attributed to the increase in the grain size. Another reason could be the improving crystallinity with increasing grain size and this may be due to the extension of electronic states of the impurity phase, precipitates and clusters, into the band gap of MnO:B. It is seen at higher doping levels that the band gap was increased, and the grain size of MnO:B films was decreased.
A similar behavior was observed in ZnO:Cu films deposited by spray pyrolysis method [22] . The change in E g with the boron concentrations in solution and grain size was observed in MnO:B films. Therefore, the band gap energy shift of MnO:B films in our study can be attributed to the quantum size effect. The change in E g with boron concentrations in solution can be understood by the quantum size effect observed in the films of semiconductors. Therefore, the optical band gap (E opt ) of doped MnO is broader than that of undoped manganese oxide films. It may be also another reason that defects are accumulated at the grain boundaries. Smaller grain size results in a tensile strain arising from thermal mismatch between the MnO film and the substrate. This indicates that the presence of large number of grain boundaries increases the defects in the film. Therefore, the change in E g with boric acid contents can be correlated with the change of the structural properties of the films.
Conclusions
The study of the structural and optical properties of undoped and doped MnO films obtained by the spray pyrolysis technique shows that they are strongly dependent on the boron concentration. Particularly, it is observed that the best crystallinity of MnO films is obtained at the boron concentration of 0.1 M in solution. The films have polycrystalline structures and show a preferential orientation along (111), (220) and (311) planes with well-defined microstructures. B incorporation (at 0.1 M) caused the crystallinity levels to increase. The crystallization level is low at higher doping level between 0.2 M and 0.4 M due to the increasing grain boundaries which behave as defects in the structure affecting the structural properties of the films. From the XRD analyses it was concluded that B incorporation plays a significant role in the crystalline and structural properties of the MnO films and the formation of high quality B-MnO films deposited on the well cleaned glass substrate by spraying pyrolysis method with dopant contents (up to 0.1 M).
